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Mast cells are thought to participate in a wide variety of
pathophysiological conditions. Mechanisms of regulation, how-
ever, of mast cell production and maturation are still to be
elucidated. Mast cell developmental process is likely to be
profoundly affected by cell-autonomous transcriptional regula-
tors such as the GATA family and CCAAT/enhancer binding
protein (C/EBP) family members. Extracellular regulators such as
stem cell factor and IL-3 have essential roles in basal and
inducible mast cell generation, respectively. The relationship,
however, between the extracellular signaling and cellular tran-
scriptional control is unclear, and the trigger of the mast cell
development remains elusive, Notch signaling plays a funda-
mental role in the lymphopoietic compartment, but its role in
myeloid differentiation is less clear. Here, we demonstrate that
Notch signaling connects environmental cues and transcrip-
tional control for mast cell fate decision. Deltal, an established
Notch ligand, instructs bone marrow common myeloid progen-
itors and granulocyte-macrophage progenitors toward mast cell
lineage at the expense of other granulocyte-macrophage lin-
eages, depending on the function of the Notch2 gene. Notch2
signaling results in the up-regulation of Hes-1 and GATA3,
whereas simultaneous overexpression of these transcription
factors remarkably biases the progenitor fate toward the mast
cell-containing colony-forming cells. C/EBPa mRNA was down-
regulated rn myeloid progenitors as a consequence of Hes-1
overexpr in ag 1t with the recent proposal that the
down-regulation of C/EBPa is necessary for mast cell fate
determination, Taken together, signaling through Notch2
determines the fate of myeloid progenitors toward mast cell-
producing progenitors, via coordinately up-regulating Hes-1 and
GATA3.

CCAAT/enhancer binding protein o | GATAZ | Hes1 | Deltal
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Mnst cells are thought to participate in a wide variety of
physiologic and pathologic processes. In addition to their
involvement in allergic disorders and protective immune re-
sponses (o parasites, mast cells are important in a broader sense
in both innate and acquired immunity (1, 2). Mast cells migrate
[rom the bone marrow at an immature differentiation stage and
complete the maturation process in the peripheral tissues under
the influence of local growth and differentiation factors (2).
These environmental cues tailor the mast cell phenotype to carry
out functions specific 1o each peripheral tissue.

The main factors influencing mast cell number and phenotype
include stem cell fuctor (SCF), which is a ligand for ¢-Kit, IL-3,
and T helper type 11 (Th2) -associated cytokines, such as 1L-4
and IL-9 (2). Signal transduction through the phosphatidylino-
sitol 3-kinase pathway, Ras-mitogen-activated protein kinase
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pathway, Janus kinase-signal transducer and activators of tran-
scription pathway (3), etc., in the presence of IL-3 and SCF,
might coordinate the lineage-specific transcription factors, but
there is a disconnect between our understanding of cytokine
signaling and transeription factor regulation. The generation of
mast cells has been shown 1o depend on cooperative interplay
between regulatory proteins: PUL1 up-regulation, GATA2
up-regulation (4), and CCAAT/enhancer binding protein «
(C/EBPa) down-regulation (5).

Notch receptor-mediated signaling has a fundamental role in
cell fate determination in a variety of animals, In the mammalian
immune system, Notch signaling is involved in the commitment
and differentiation of T cells, development of splenic marginal
zone B cells, and differentiation and functional modulation of
mature T cells (6, 7). Questions remain, however, about whether
and how Notch signaling regulates immune cells other than T
and B cells. To the best of our knowledge. there are only two
reports (8, 9) describing the relationship between Notch signal-
ing and mast cells. According to those papers, Jagged-1, a Noich
ligand (8), and Notch2 (9), are highly expressed in mast cells.

Here, we demonstrate that Notch signaling has a significant role
in mast cell development, Using Notch2-null bone marrow cells, we
show that Notch2 signaling promotes cell fate determination of
hone marrow progenitors toward the progenitors having mast cell
differentiation capacity at the expense of those that lose it. Fur-
thermore, we demonsirate that the coordinated regulation of two
transeription factors, Hes-1 and GATA3, determines mast cell fate
under Notch signaling. Overexpression of Hes-1 in myeloid pro-
genitors represses (VEBPa mRNA expression, in agreement with
the proposal that the CV/EBPa down-regulation provides essential
condition for mast cell development (5).

These findings suggest that Notch signaling, a key regulator of
lymphocytes, more broadly affects cells of the immune system
through dynamic regulation of transcription factors.

Results

Notch2-Mediated Signaling Facilitates Mast Cell Lineage Development at
the Expense of Granulocyte/Macrophage Development from Both
Common Myeloid Progenitors (CMPs) and Granulocyte-Macrophage
Progenitors (GMPs) in Vitro. We cultured isolated CMPs and GMPs
in SCF, 1L-3, IL-6, and thrombopoietin (TPO) for 7 days with
plate-fixed Deltal-Fe chimeric protein, a soluble Notch ligand.
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Fig. 1. MNotch2-mediated signaling facilitates mast cell lineage development at the expense of g ¥ rophage develop from CMPs and GMPs

in vitro. [A) Sorted CMPs or GMPs of WT mice were cultured with plate-fixed Deltal-Fc chimeric protein or control Fe pratein for 7 days in 50 ng/ml SCF, 20 ng/ml

IL-3, 20 ng/ml IL-6, and 20 ng/ml TPO. FACS analysis showed FeeRI“¢-Kit*Gr1 -Mact

mast cells were highly enriched with Deltal-F¢, whereas Gr1"Macl”

granolocytes and macophages were the main population with control ¢ protein, (B) Cell growth inculture of CMPs and GMPs with Deltal-Feor control Fcprotein.
(€)Day-7 progeny of CMPs and GMPs were analyzed morphologically by cytospin. (Left) Wright-Giemsa staining (original magnification: x400). (Right) Toluidine
blue staining foriginal magnification: »400), (D) mANA was extracted from day-7 progeny of CMPs and GMPs, reverse-transcribed, and applied to quantitative
real-time PCR analysis for mouse mast cell protease-5 (mMCP-5). Data are presented as mean </— 50; n = 4, P = 0,0286 {both CMPs and GMPs, 7 days)
{nonparametnic test). (£) CMPs and GMPs of Mx-Cre x Nofch294™¢ and littermate Notch2""= mice were cultured with Deltal-Fc or control Fe protein for 7
days in SCF, IL-3, IL-6, and TPO. Notch2-null CMPs and GMPs failed to respond to Deltal-Fe, whereas the results obtained with littermate mice treated with plpC

were virtually the same as those obtained with WT mice

In the culture using control Fe protein, instead of Deltal-Fe, the
vast majority of the cells were Grl*Macl® granulocyles
macrophages. Compared with this, Lin - c-Kit* FeeR1" mast cells
were highly enriched, whereas there were fewer Grl* or Macl*
granulocytes/macrophages with Dehal-Fe (Fig. 1A4). The cell
number was not significantly different in the culture with Del-
tal-F¢ from the culture with the control Fe protein on day 7,
when the floweytometric analysis was performed (Fig. 18). As
shown, time courses of cell growth were different between the
cultures with Deltal-Fe and control, because of the difference in
the differentiation fate. Morphological observation confirmed
the conversion from granulocytes/macrophages with the control
Fc to mast cells, which contained toluidine blue-positive gran-
ules, with Deltal-Fe (Fig. 1C). The expression level of mast
cell-specific protease, mast cell protease-5, was higher in Deltal-
stimulted population compared with control (Fig. 1D).
Whereas all of Notchl, Notch2, and Notch3 are expressed in
myeloid progenitors [supporting information (S1) Fig. S1], Notch2
is known 1o be expressed in mast cells among Notch 1-4 receptors
(9). We sorted CMPs and GMPs from poly(deoxyinosinic/
deoxycytidylic) acid (pIpC)-treated Mx-Cre x Notch2!ihe
(N2-MxcKQ) mice (10), and then stimulated them with Deltal-Fe.
The mast cell increase by Deltal-Fc was strikingly blunted with
Notch2-null CMPs or GMPs, whereas the results obtained with
littermate Notch2*™ mige treated with plpC were virtually the
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same as those obtained with WT mice (Fig. 1E; compare with F:‘ig,
1A4), These observations indicate that Notch2-mediated signaling
plays a key role in derivation of mast cells from myeloid progenitor
cells,

Hes-1 Is Up-Regulated Downstream of Notch Signaling but Is Insuffi-
cient for Mast Cell Derivation, Quantitative real-time PCR analysis
revealed that Deltal-Fe treatment of CMPs or GMPs up-
regulated mRNA for Hes-1, a basic helix-loop-helix transcrip-
tional repressor that often functions downstream of Notch
signaling (11), within as little as 8 h (Fig. 24). To investigate
whether Hes-1 is a downstream effector of Notch signaling for
mast cell enrichment by Delal-Fe, we retrovirally expressed
Hes-1 in CMPs and GMPs. Expression of the Hes-1 protein was
confirmed by a Western blot analysis of the retrovirally infected
NIH 373 cells (Fig. 28). Derivation of the Lin c-Kit* FceR1"
mast cells, however, was nol increased by Hes-1 expression after
8 d of culture (Fig. 2C), whereas there was a relative increase in
Lin ¢-Kit"FeeRI ™ cells. This observation indicated that the
effect of Hes-1 expression on mast cell enrichment was not
equivalent to that of Deltal-Fc stimulation, suggesting the
presence of an effector molecule other than Hes-1 at the
downstream of Notch,

GATA3, but Not GATAZ, Is a Mediator Downstream of Notch2 for Mast

Cell Developmental Decision, Together with Hes-1. Among the
GATA family of transcription factors, GATAZ2, which is up-
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Fig.2. Hes-1 up-regulation downstream of Notchsignaling is insufficient for

mast cell derivation. (A) CMPs and GMPs were stimulated with plate-fixed
Deltai-Fc protein or control Fc protein in SCF, IL-3, IL-6, and TPO. Cells were
collected at B h, and Hes-1 mANA was measured by quantitative real-time PCR
analysis. Hes-1 mRNA was substantially up-regulated with Deltal-Fccompared
with control. Data are presented as mean +/~ 5D; n =4, P = 0.0286 (both CMPs
and GMPs, B h) (nonparametric test), (B) A retrovirus packaging cell line,
PLAT-E, was transfected with cDNA-subcloned retrovirus vectors, e, Hes-1-
GCONsamARES-NGFR, Hes-1-pMYSIRES-GFP, and GATA3-pMYVIRES-GFP, or a
mock retrovirus vector. NIH 3T3 cells were infected with the conditioned
medium by using polybrene. The proteins were detected by anti-Hes-1 anti-
body (H-140; Santa Cruz) and anti-GATA3 antibody (HG3-31). There is a faint
band migrating in the NGRF and GFP lanes, This may represent endogenously
expressed Hes-1, (C) CMPs and GMPs were retrovirally transduced with Hes.
1-pMYSIRES-GFP or mock virus. The proportion of ¢-Kit* FeeRI ' mast cells was
not significantly increased by Hes-1 expression. The propartion of c-Kit * FceRI
cells, which probably represent myeloid progenitors, was always greater in the
Hes-1-expressing population than control

regulated during Notch-mediated inhibition of granulocytic dif-
ferentiation (12, 13), is proposed to be a regulator of mast cell
differentiation (4, 5, 14). Nevertheless, GATAZ expression levels
in CMPs or GMPs stimulated with Deltal-Fe were equal to or
lower than those stimulated with control Fe protein during the
first 48 h (Fig. 34).

GATAS3 is a crucial transcription factor during T cell devel-
opmenl. Recently, il was reported that its overexpression in
double negative (DN) 1 and DN2 stage thymocytes blocked
further T cell development, and unexpectedly, induced mast cells
from these early thymocyte populations (15). Physiologic rele-
vance between GATAJ and mast cell generation, however, has
yet to be elucidated. Deltal-Fe stimulation of CMPs and GMPs
substantially increased GATA3 mRNA during a relatively later
time course (Fig. 3B). This finding suggests that GATA3 is a
possible target of Notch signaling, albeit indirect, for mast cell
production,

Thus, we examined whether Hes-1 and GATA3 are bona fide
effectors functioning downstream of Notch signaling for mast
cell production, by retrovirally transducing CMPs and GMPs

Sakata-Yanagimoto ef al

with these genes (Fig. 3 Cand D). Both CMP- and GMP-derived
fractions expressing Hes-1 alone [with the nerve growth factor
receptor (NGFR) marker| gave rise to populations very similar
1o those derived from the fraction expressing Hes-1 with the GFP
marker (Figs. 2C and 3 C and D). There was no consistent
increase in the c-Kit“FceR1" mast cell population at day 8,
although it appears that the Hes-1 single-positive CMP-derived
fraction gave ris¢ Lo this population slighily more than control in
Fig. 3 C and D. On the contrary, the Hes-1 single-positive
fractions gave rise to fewer mast cells than the control virus-
infected fractions at the later time course (data not shown). In
the fractions expressing GATAS alone (with the GFP marker),
the c-Kit“ FeeR1* mast cell population only marginally, although
reproducibly, increased compared with controls (Fig. 3Cand D).

In contrast to these findings, the ¢-Kit*FceR1* mast cell popu-
lation was markedly enriched in the Hes-1 and GATA3 double-
positive fractions at day 8 after the infection of CMPs and GMPs
compared with either mock or Hes-1 or GATA3 single-positive
fractions (Fig. 3 Cand D).

We reproducibly observed increases in the c-Kit®FeeRI
population, which might represent the expanded progenitors
maintaining the immature state, in the Hes-1 single-positive
fractions, The ¢-Kit FeeR1" population, whose identification is
unknown, variably increased in the GATA3J single-positive
fractions compared with controls (Fig. 3C).

When plated in methylcellulose after the retroviral infection,
Hes-1-and GATA3-coexpressing CMPs and GMPs formed large
and monotonous cell-containing colonies (plating efficiency,
=209 in CMPs and <10% in GMPs); staining indicated that
>R0% of colonies contained mast cells, positive for toluidine
blue, as the major population (Fig. 3 £E-G), whereas the plating
efficiency was comparable to that with mock introduction
(Fig. 3E).

These observations indicate that the simultancous expression
of GATA3 and Hes-1 biased the cell fate of myeloid progenitors
toward the downstream progenitors having mast cell-generating
capacity at the single-cell level, rather than that those transcrip-
tion factors expanded the pool of mast cell progenitors or mast
cells.

Hes-1 Up-Regulation Causes C/EBPa Down-Regulation. C/EBPu is a
critical transcription factor for myeloid differentiation (16), and
its down-regulation cooperates with the up-regulation of a
GATA transcription factor to instruct mast cell development (5).
Al 48 h after the initiation of Hes-1 retroviral transduction,
C/EBPa mRNA was down-regulated in both CMPs and GMPs
(Fig. 44). The C/EBPa mRNA level was also markedly sup-
pressed in a mouse myeloid cell line 32D that stably expressed
exogenous Hes-1 (Fig. 48). These findings suggest that the
C/EBPa down-regulation is the major outcome of Hes-1 up-
regulation induced by Deltal-Notch2 signaling in the myeloid
progenitors,

Discussion

In the present study, we demonstrate that Notch2-mediated
signaling has a significant role in the mast cell derivation from
myeloid progenitors such as CMPs and GMPs. This biological
effect is probably mediated through coordinated up-regulation
of Hes-1 and GATA3 through Notch2 signaling; Hes-1 up-
regulation further results in C/EBPa down-regulation, which is
important for the blockade of myeloid lineage differentiation. It
is not unexpected that Hes-1 up-regulation plays a role in the
execution of Notch2 signaling, given the fact that Hes-1 is an
established target of Notch signaling in a number of cell systems
(17). However. we show in this article that Hes-1 up-regulation
represents only a part of signaling downstream of Notch activa-
tion. Exogenous Hes- 1 expression in CMPs and GMPs resulied
in the increase of Lin ¢-Kit*FeeR1™ cells, obviously different
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Fig. 3.

GATAJ, but not GATAZ, is a mediator downstream of Notch2 for mast cell developmental decision, together with Hes-1. (A} CMPs and GMPs were

stimulated with plate-fixed Deltal-Fc in the presence of SCF, IL-3, IL-6, and TPO for B or 48 h, Cells were harvested, and quantitative real-time PCR was performed.
GATAZ mANA levels were slightly decreased rather than increased by Deltal-Fc in GMPs at 8 h, and not significantly different in CMPs treated with Deltal-Fe
and control F¢ at Bh or in CMPs and GMPs treated with Deltal-Fc and control Fc at 48 h. (B) Quantitative real-time PCR analyses in CMPs and GMPs revealed that
GATA3 mRNA was up-regulated by Deltal-Fc at 48 h, but not at 8 h. Data are presentad as mean +/~ S0, n = 4, P = 0.6857 (CMPy, 8 h); n = &, P = 0.0571 (GMPs,
Bhl:n = 4, P = 0.0286 (both CMP< and GMPs, 48 h) (nonparametric test), (C) CMPs and GMPs were retrovirally transduced with Hes-1-GCDNsam/IRES-NGFR and
GATAI-pMYVIRES-GFP and subjected to FACS analysis B days after the infection. The ¢-Kit*FeeRI* fraction was remarkably enniched in Hes-1 and GATA3
double-positive fraction compared with the Hes-1 or GATAJ single-positive fraction or the mock virus- introduced fraction, (D) The proportions of ¢-Kit* FeeRI
fraction are depicted. Each diamond represents a data point. The bars represent +/= 250, CMP, n = 6; GMP, n = 4. (E) NGFR and GFP double-positive cells were
sorted at 48 h after infection. Two hundred and fifty NGFR and GFP double-positive CMPs and 1,500 GMPs were plated per dish and cultured for 7 days in
methylcellulose, supplemented with SCF, IL-3, IL-6, and TPO. Hes-1- and GATA3-coexpressing cells formed mainly mast cell colonies, whereas mack virus:
transduced cells formed various colonies including granulocyte, macrophage, or a mixture of these cells. G, granulocyte tolonies; M, macrophage colonies; mix,
granulocyte/macrophage or mixed colonies; », colonies mainly tonsisting of mast cells. The result of a representative experiment is shown (n = 2). (F)

Wright-Glemsa staining of Hes-1 and GATA3 coexp:
coexpressing colony-forming cells. (Original magnification: <400.)

from the Lin~c-Kit * FeeR1™ mast cell enrichment that was seen
by the Deltal stimulation. Although the identity of the Lin " c-
Kit*FceR1 ™ cells has yet to be determined, these cells may
contain immature myeloid progenitors that could differentiate
into mast cells if GATA3 would coexist. while granulocytes/
macrophages would if other eritical molecules (such as C/EBPa)
would coexist.

We identified GATAJ, not GATAZ2, up-regulation that com-
plements Hes-1 up-regulation and creates a part of Notch
signaling. Involvement of GATAZ is proposed to be important
for inhibiting granulocytic differentiation downstream of Notch
signaling in both the 32D cell line (13) and mouse hematopoietic
progenitor cells (12). Furthermore, GATAZ is required for in
vitro mast cell generation (4, 14), and enforced expression of
GATAZ2 instructs the C/EBPa-deficient myeloid progenitors and
common lymphoid progenitors to become mast cells in vitro (5).
Our conclusion might appear to be inconsistent with those of

7842 | www.pnasorg cgi/doi 101073/ pnas 0BD1074105

ing colony-forming cells. (Original magnification: ¥ 400.) (G) Toluidine blue staining of Hes-1 and GATAJ

other articles. We confirmed that the enforced GATAZ2 and
Hes-1 cocxpression in CMPs and GMPs resulted in predominant
mast cell generation in a manner indistinguishable from that of
GATAS and Hes-1 coexpression (data not shown). This finding
indicates that GATA2 and GATA3 have redundant properties
when they are expressed exogenously. The result of colony
formation assay from CMPs and GMPs with enforced GATA3
and Hes-1 expression indicates that the mast cell derivation is
based on the cell fate alteration made in the individual progen-
itor cells. Because the biological readout for Notch ligand
stimulation was virtually the same as that for the GATAZ and
Hes-1 coexpression, the substantial mast cell generation at day
7 with Deltal-Fe is likely to be cansed mainly by biased cell [ate
decision in the myeloid progenitors.

In a different line, the introduction of GATA3 alone to
thymocytes was recently reported to result in mast cell genera-
tion (15). Although this report might appear to be inconsistent
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Hes-1 up-regulation causes C/EBPa down-regulation. (4) CMPs and GMPs were retrovirally transduced with Hes-1-pMYsARES-GFP. GFP' cellswere sorted

48 h after infection and examined for C/EBPa mRNA by quantitative real-time PCR. C/EBPa mANA in CMPs and GMPs was substantially reduced by Hes-1 compared
with mock virus transduction. Data are presented a mean +/— 50, n = S (mock) or & (Hes-1), P = 0.0159 (CMP), n = 5, P = 0.0079 (GMP) (nanparametric test)
(B) 320 cells stably transduced with Hes-1 and maintained in 5 ng/ml IL-3 were examined for C/EBPu expression. (/EBPu mANA was reduced in Hes-1-transduced
clones compared with mock-transduced clones. Data were confirmed by experiments using two independent clones, Data are presented as mean +/— S0, (C)

Schematic model of Notch signaling in the mast cell system

with our data, the difference in the starting cell populations
could cause the different results. We conclude that the Hes-1
expression, and probably subsequent C/EBPa down-regulation,
is required, although not sufficient, for mast cell generation from
CMPs and GMPs, In contrast, C/EBPa is already down-
regulated in thymocytes at the DN1 and DN2 stages (18), and
thus, introduction of GATA3 might be sufficient for mast cell
generation from early thymocytes. As for the relationship be-
tween GATAS and Notch signaling, both Notchl and Notch2 are
important for the generation of Th2 cells and act by directly
inducing transcription of GATA3 and IL-4 (19, 20} It is,
however, unclear whether such a direct regulation is applicable
to cells in other lincages. In our observation, GATAJ was
up-regulated by Deltal-Fe at 48 h but not at 8 h in CMPs and
GMPs, making it obscure whether GATA3 is a direct target of
Notch signaling in these cells. The role of IL-4 in the regulation
of GATA3 in these cells remains to be determined.

We and others previously reported that enforced expression of
Hes-1 in a 32D cell line inhibits granulocytic differentiation
induced by granulocyte colony-stimulating factor (13, 21). In the
present study, we demonstrated that C/EBPa down-regulation
occurs downstream of Hes-1 in both the 32D cell line and fresh
CMPs and GMPs. C/EBPa repression by Hes-1 was previously
shown 1o be among the mechanisms of Nowch-Hes-1-mediated
inhibition of adipogenesis from a preadipocyte cell line (22).
Although less remarkable compared with Hes-1 overexpression,
Deltal-Festimulation also induced C/EBPa repression, ina time
course after Hes-1 up-regulation, This finding suggests that the
physiologic Hes-1 up-regulation is sufficient for C/EBPa repres-
sion (data not shown), Our data, thus, support a paradigm that
the Notch-Hes- |-C/EBPa axis consists of a common pathway for
differentiation inhibition in a variety of cell lincages.

It was recently suggested that down-regulation of C/EBPa
followed by up-regulation of a GATA factor orchestrates mast
cell differentiation from myeloid progenitors (5). This could be
true, but importantly, we demonsirated that such a balanced
regulation of transcription factors is a result of environmental
signaling through Notch2, rather than a cell-autonomous
operation (Fig. 4C).

The physiological significance of Notch2-mediated cell fate bias
toward mast cell lineage remains to be determined, because mast
cells were not depleted in naive status in N2-MxcKO mice (M.S.-Y.
and S.C., unpublished data). Cultured mast cells were also gener-
ated from Notch2-null bone marrow cells as efficiently as WT bone
marrow cells Notably, mast cells are not depleted in mice lacking
the IL-3 gene, whereas IL-3 is the most potent mast cell develop-
mental factor in vitre. However, IL-3-deficient mice are defective in
mast cell-mediated intestinal nematode eradication. The pathways
and mechanisms responsible for regulating mast cell progenitor
recruitment and trafficking are likely to be dynamic and susceptible
to modification during inflammation (1). Similarly. Notch2 is
required for the proper response of mast cells during nematode

Sakata-Yanagimoto et al

infection (M.S.-Y. and S.C., unpublished observation). Notch2-
mediated masi cell derivation might also be required for such
pathological settings, whereas it is unnecessary for the steady-state
mast cell generation.

Materials and Methods

Mice. Natch2™ov™e mice have been described (10). Mx-Cre transgenic mice (23}
were crossed with Notch2"oW"e mice, and the progeny were injected with
plpC {Sigma-Aldrich) seven times every other day from 3 d after birth (25 ug/g
body weight) or three times between 4 and 6wk of age (20 ug/g body weight)
All experiments were done in accordance with institutional guidelines

Myeloid Progenitors. Bone marrow cells from each mouse strain studied were
incubated with biotinylated antibodies for lineage markers including anti-
CO3, anti-CD4, anti-COB, anti-8220, anti-Ter119, and anti-Gr-1 antibodies (B0
Pharmingen) followed by incubation with streptavidin Micro Beads (Milteny
Biotet). The lineage marker-negative fraction was separated with an au
toMALS separator (Miltenyi Biotec) and incubated with amti-CD34-FITC, anti-
CDI632 (FeylNl receptor)-phycoerythrin (PE), anti-c-Kit-allophycocyanin
(APC), streptawvidin peridinin chlarophyll pratein PerCP (BD Pharmingen), and
anti-Scal-PE/Cy7 (eBioscience). Lin c-Kit*Scal FcyR'°CD34° and Lin-c-
Kit *Scal “FeyRMCD34 " cells (CMPs and GMPs, respectively) (24) were sorted by
a FACSAna cell sorter (Becton Dickinson)

Ligand Fixation. Deltal-Fc has been described (253 A 24-well nontissue cuiture
plate (Nalge Nunc) was coated with 10 pgiml of rabbit anti-human igG
{DAKO), blocked with 20% FBS contaning RPMI medium 1640 (Sigma-
Aldrich), and washed with PBS. The Deltal-Fc {3.5 pg/ml) or F¢ portion of
human IgG {2 pa/ml, Fc protein; ART or Jackson ImmunoResearch Laborato-
ries) was then incubated for 30 min, and sup WEre re d

Ligand Stimulation of Myeloid Progenitors. Sorted CMPs or GMPswere cultured
in Delat-Fc or control Fc protein-fixed plates in 20% FBS containing lscove’s
modified Dulbecco’s medium (Sig aldrich), suppl ted with 50 ng/mi
SCF, 20 ng/ml IL-3 (Peprotech), 20 ng/ml IL-6, and 20 ng/ml TPD (gitts from Kirin
Fharma, Tokyo). On day 7, the cells were incubated with purified isotype ige
(BD Pharmingen) after blocking the Foy receptor with anti-CD16/32 (Foy 1IN
receptor) antibody, stained with anti-ige-FITC, anti-Gr-1-PE, anti-Mac1-PE,
and anti-c-Kit-APC (BD Pharmingen), and then analyzed by FACSCalibur (Bec-
ton Dickinson). Cells cultured for 7 days were also charactenized by Wright-
Giemsa staining or toluidine blue staining (pH 0.5) on cytospin slides. In some
experiments, MANA was prepared at the indicated time points and quantified
by real-time PCR as described below

Retroviral Transduction. Hes 1 cONA, a gift from R. Kageyama (Kyota Univer-
sity, Kyoto, lapan), was subcloned into a retrovirus vector, GCONsamvinternal
ribosame entry site (IRES)-NGFR, a gift from H, Nakauchi {University of Tokyo)
and M. Onodera (National Center for Child Health and Development, Tokyo)
cDNAs for GATAZ, agift fram S. Takahashi (University of Tsukuba), and Hes-1
were subcloned into pMYSIRES-GFP, a gift from T. Kitamura (University of
Tokyo). A retrovitus packaging cell line, PLAT-E (26), was transfected with each
retrovirus vector by using FUGENE 6 (Roche Diagnostics). The conditioned
medium was concentrated, placed in a 24-well nontissue culture dish for 4 b,
and precoated with 40 ugiml of RetroNectin (Takara Bio) overnight at 4°C.
CMPs or GMPs were then plated for infection in the presence of 20% FBS, 50
ng/mi SCF, 20 ng/mi IL-3, 20 ng/ml IL-6, and 20 ng/m| TPO. Green flucrescent
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proteins and/or human NGFR-positive fractions were subjected to FACS anal-
ysis B days after infection. Otherwise, the infected cells were sorted a1 48 h
from the initiation of infection with a FACSAria (Becton-Dickinson) cell sorter
and used for colony assay using Methocult M3231 (StemCell Technologies),
supplemented with cytokines as described above, Hes-1 stably expressing 320
celi ines were as dexknbed (13), To confirm protein expression, NiH 373 cells
were abso infected with the same viral supernatants by using polybrene
(Sigma-Aldrich).

RNA Quantitation. Total cellular ANA wans extracted with RNeasy (Qiagen) and
converted to cDNA with SuperScript Il {Invitrogen). GATAZ2, GATA3, C/EBPa,
and mouse mast cell protease-5 were analyzed with TagMan Gene Expression
assays (Applied Biosystems), Hes-1 mANA was measured as described (10)
Real-time PCR was performed by using the ABI PRISM 7000 Sequence Datec-
tion System (Applied Biosystemns), All of the data were standardized with 18s
ribosomal RNA.
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Western Blot Analysis. Virus-infected NIH 3T3 cells were solubilized in Iysis
buffer containing 1% Triton X-100. The Hes-1 and GATA3 proteins were
detected by anti-Hes-1 antibody (H-140; Santa Cruz) and anu-GATA3 antibody
(HG3-31), respectively,

Statistical Analysis. Results from two or three independent expenments (n =
2) of guantitative real-time PCR were analyzed by the Mann-Whitney test.
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Notch2 integrates signaling by the transcription factors
RBP-J and CREB1 to promote T cell cytotoxicity

Yoichi Maekawa'*¥, Yoshiaki Minato'?#, Chieko Ishifune', Takeshi Kurihara', Akiko Kitamura',
Hidefumi Kojima®, Hideo Yagita®, Mamiko Sakata-Yanagimoto®®, Toshiki Saito®, Ichiro Taniuchi’,

Shigeru Chiba®®, Saburo Sone? & Koji Yasutomo'

The acquisition of cytotoxic effector function by CD8* T cells is crucial for the control of intracellular infection and tumor
invasion. However, it remains unclear which signaling pathways are required for the differentiation of CD8* cytotoxic T
lymphocytes. We show here that Notch2-deficient T cells had impaired differentiation into cytotoxic T lymphocytes. In addition,
dendritic cells with lower expression of the Notch ligand Delta-like 1 induced the differentiation of cytotoxic T lymphocytes less
efficiently. We found that the intracellular domain of Notch2 interacted with a phosphorylated form of the transcription factor
CREB1, and together these proteins bound the transcriptional coactivator p300 to form a complex on the promoter of the gene
encoding granzyme B. Our results suggest that the highly regulated, dynamic control of T cell cytotoxicity depends on the

integration of Notch2 and CREB1 signals.

The adaptive immune response is essential for purging a diverse
repertoire of invading pathogens and transformed cells'<, CD8' and
CD4" T cells are required for successful eradication of intracellular
pathogens or transformed cells. CD8" T cells recognize peptides
displayed by major histocompatibility complex (MHC) class 1 mole-
cules (peptide-MHC complexes) on target cells’. CDB' T cells use
cytolytic and noncytolytic mechanisms to lyse target cells expressing
foreign peptide-MHC complexes. These mechanisms involve perforin
and granzymes, as well as cytokines such as interferon-y (IFN-y;
A001238) and tumor necrosis factor ™,

CD8" T cells responding to speafic peptde-MHC complexes
undergo considerable changes in gene expression that regulate their
differentiation into cytotoxic T lymphocytes (CTLs) and memory
cells. Transcriptional regulators activated by T cell receptor (TCR)
signaling induce the expression of genes important for directing
proliferation, the acquisiion of effector functions, and survival,
Many transcription factors (such as NF-xB, AP-1 and Jun) expressed
in a broad range of cell types are involved in the activation of
CDR' T cells’. The T-box transcription factors T-bet and eomeso-
dermin (Eomes) are important inducers of genes involved in the
acquisition of CD8* T cell effector function and in the responsiveness
to cytokines that regulate the survival of long-lived memory T cells>*.
However, it remains unclear how the transcription of genes
encoding cytotoxic effector molecules in CTLs is regulated and

how this process influences the direction and differentiation of effector
or memory cells.

Notch signaling regulates cell fate ‘choice” for a variety of cells”™.
Mammals express four Notch receptors and five Notch ligands. The
Notch ligands are categorized into two families, Delta and Tagged™'",
and mice and humans have three genes encoding Delta-like ligands
(DL1, DL13 and DL14) and two genes encoding Jagged molecules
(Jagged! and Jagged2). Studies have shown that Notch signaling is
involved in early T cell development as well as differentiation into
mature CD4* T cells’ 1% However, less is known about the
function of Notch in mature CD8' T cells. One study has shown
that constitutive overexpression of DL1 on alloantigen-bearing cells
renders these cells nonimmunogenic and able to induce specific
nonresponsiveness to a subsequent challenge with the same allo-
antigen™, That study also showed that ligation of Notch on splenic
CD&* cells by purified DLI protein results in much lower TFN-y
production and concomitantly more production of interleukin 10
(IL-10); these findings suggest that Notch signaling can alter the
differentiation potential of CD8™ T cells. However, it did not address
whether physiological interaction of Notch with Notch ligands dictates
the differentiation of CTLs or memory CD8' T cells. Furthermore,
another report has shown that inhibition of Notch activation results in
lower CDB' T cell proliferation and 1FN-y production®'. However,
that study analyzed Notch function through the use of a y-secretase
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Figure 1 Notch signais control cytotoxic T cell
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inhibitor, which may affect other substrates instead of Notch
specifically®, Therefore, the functions of Nowch in CD8' T cell
differentiation remain controversial,

In this report, we show that signaling mediated by Notch2
(ADO1671) was required for full cytotoxic activity of CTLs and that
Notch2 directly controlled transcription of the gene encoding gran-
zyme B (Gzmb), which is independent of Eomes. Furthermore, the
transcriptional control of Gzmb by Notch2 signaling required the
molecular interaction of Notch and the transcription factor CREB1
(AD00690) in a stable complex on the Gzmb promoter. Our results
indicate that the Notch and cyclic AMP-responsive element (CRE)
pathways intersect to dynamically regulate transcniption of CTL
effector molecules. In addition, our findings suggest that Notch2
may act as a mechanism directing CD8" T cell cytolytic function in
response to appropriate extrinsic stimuli.

RESULTS

DL1 promotes CTL differentiation

To assess the involvement of Notch signaling in CTL function, we
stimulated total spleen cells or purified CD8" T cells from BALB/c
mice with allogeneic bone marrow—derived dendritic cells (BMDCs)
obtained from C57BL/6 (B6) mice and infected with a control retro-
virus (control-DCs) or the same retrovirus encoding DL1 (DL1-DCs).
The control-DCs expressed DL1, and infection with the DL1-encoding
retrovirus further increased DL} expression on the cell surface
(Supplementary Fig. 1a online). Granzyme B production was much
higher in total spleen cells and purified CD8" T cells after stimulation
with DL1-DCs than after stimulation with control-DCs (Fig. la).
Consistent with their higher expression of granzyme B, CD8" T cells
stimulated with DLI-DCs lysed allogeneic EL-4 (mouse thymoma)
targer cells more efficiently than did CD8” T cells stimulated with
control-DCs (Fig. 1b). The granzyme B production in CD8" T cells
and the cytotoxic activity of CD8" T cells were higher for stimulated
total spleen cells than for stimulated purified CD8" T cells. There was
similarly less granzyme B production in splenocyte samples depleted

NATURE IMMUNOLOGY VOLUME 9 NUMBER 10 OCTOBER 2008

of CD4' T cells than in total spleen cells (Supplementary Fig. 1b).
These data suggest CD4" T cells stimulated by allogeneic spleen cells
enhance the generation of CTLs. Published papers have shown that
CD4' T cells are directly or indirectly involved in promoting the
generation of CTLs*", We found that CD4' T cells cultured with
allogeneic DCs promoted upregulation of DL expression on these
DCs (Supplementary Fig. Ic); this observation suggests that CD4"
T cells may be indirectly involved in providing Notch signals to
CD8' T cells. Another possibility is that CD4* T cells activated by
allogeneic DCs directly ‘help’ CTL differentianon, which is further
enhanced by DLI exp { on DCs. Although further analyses are
needed to clarify the mechanism by which CD4* T cells enhance
CTL differentiation in our experimental systems, these data
indicate that DL1-mediated signals ‘preferentially’ direct CTL differ-
entiation in vitro.

To test the hypothesis that DL1-mediated signaling contributes to
CTL differentiation in vivo, we pulsed control-DCs or DLI-DCs with
OT-1 peptide (SIINFEKL) and injected the cells intravenously twice
into B6 mice that had previously received T cells from mice transgenic
for an OT-1 T cell recepror (TCR), which express a V,2Vp5 TCR
specific for SINFEKL presented by H-2K". We cvaluated the genera-
tion of OT-I-specific CTLs by staining the cells with V,2- and Vj5-
specific antibodies 4 d after the second injection of peptide-pulsed
DCs. The proportion of granzyme B-producing V,2*Vp5'CD8’
T cells (called 'OT-1 T cells’ here) was higher in mice that received
DL1-DCs than in those that received control-DCs (Fig. lc), which
indicates that DL1 can augment CTI. differentiation in vivo,

We next investigated whether lower expression of DLI on DCs
impairs the generation of CTLs. We induced BMDCs in vitro with
granulocyte-macrophage colony-stimulating factor and 1L-4, retro-
virally transduced the cells with control short hairpin RNA (shRNA)
or DLI-specific shRNA, then pulsed them with OT-1 peptide. The
bicistronic retrovirus vector also encoded green fluorescence protein
|GFP), which allowed us to identify infected cells and confirm shRNA-
mediated suppression of DL surface expression (Supplementary
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Fig. 1d). We isolated GFP'CDI1c" DCs and injected them intra-
venously into B6 mice previously injected with OT-1 T cells.
Approximately 20% of splenic OT-1 T cells expressed granzyme B in
mice that received DCs transduced with control shRNA, whereas only
8% did so in mice that received DCs transduced with DLI-specific
shRNA (Fig. 1d}. Furthermore, the absolute number of OT-1 T cells in
the spleen was also lower in mice that received DCs transduced with
DL1-specific shRNA than in mice that received DCs transduced with
control ShRNA (5.2 % 10° + 1.2 x 10° cells per spleen versus 9.0 = 10°
+ 1.3 x 10° cells per spleen, respectively; n = 5 mice per experiment;
P < 0.01). These data collectively demonstrate that DL1 on DCs is
required for optimal CTL differentiation in vivo, although it is possible
that other cells expressing DL1 may contribute to CTL differentiation.

Notch2 controls CTL differentiation

Naive CD8' T cells expressed Notchl and Notch2 mRNA, and both
transcripts were upregulated after stimulation with antibody to CD3
(anti-CD3; Fig. Za). Naive and activated CD8" T cells had extremely
low expression of Notch3 and Notchd (Fig. 2a). We detected expres-
sion of Notch2 but not of Notchl on the surface of naive CD8* T cells
by flow cytometry (Fig. 2b). However, cell surface expression of both
Notchl and Notch2 was also rapidly upregulated after CD3 cross-
linking (Fig. 2b).

To evaluate the contribution of Notch signaling to CTL differentia-
tion, we crossed mice expressing a loxP-flanked (floxed) gene encoding
Notch2 (Norch2™) with mice expressing Cre recombinase driven by a
combination of the core E8I enhancer and the CdBa promoter (called
"E81-Cre’ here). E81-Cre was expressed specifically in peripheral CD8*
T cells (data not shown). Notch2"'ESI-Cre™ mice lacked Notch2
expression in peripheral CD8" T cells but not CD4" T cells (Supple-
mentary Fig. 2a online), CD8" T cells from Norch2™ES1-Cre" mice
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Figure 2 Notch2 on CD8* T cells promotes CTL induction in wifro and
in vivo, (a) Quantitative PCR of the expression of Notchl-Notchd (N1-N4)
in naive CDB* T cells (Unstimulated) and activated CD8* T celis stimulated
with anti-CD3 (2-CD3), normalized to Gapdh mRNA and presented as ‘fold
increass’ relative to Notch2 expression in naive CD8* T cells. Data are
representative of three independent experiments (mean and s.d. of three
pies). (b) Flow cy y of the axpr of Notchl and Notch2 in
total spleen ceils (CD8* T celis) left unstimulated (thin lines) or stimulated
for 24 h with soluble anti-CD3 (5 u@/mi; thick lines). Shaded histograms,
naive CDB* cells stained with ptavidin-allophy n alone. Data
are representative of five independent experiments. (¢) Flow cytometry
of the expression of granzyme B in purified COB* celis from Nofch2+
EBI-Cre-, Notch2*'*EBI-Cre*. Notch2V*EBI-Cre* or Notch2'"E8I-Cre* mice,
stmulated with BALB/c control.DCs or DL1-DCs, analyzed 3 d after
stimulation. Thin lines. 1sotype-matched control antibody; thick lines,
anti-granzyme B. Numbers above bracketed lines indicate percent granzyme
B-positve cells among total CD8* cells. Data are representative of five
independent expeniments. (d) Sunival of mice after intraperitoneal infection
with T cruz (2 » 10" trypomastigotes), assessed in Notch2*E81.Cre” and
Notch2""EBI-Cre* mice treated with control rat IgG and wild-type mice
treated with antibody to mouse CDB (x-CDB). *, P = 0.0253, wild-type
versus Notch2" EBI-Cre* (log-rank test). Data are representative of thres
independent experiments. (&) Flow cytometry of CFSE expression in
splenocytes from unimmunized Nofch2*E8I-Cremice (top) or mice
preimmunized with SIINFEKL-pulsed DCs (below), assessed 1 d after
injection of @ 1:1 mixture of SIINFEKL-pulsed spleen cells [abeled with a
high concentration of CFSE and unpulsed spleen cells labeled with a low
concentration of CFSE. Numbers above bracketed lines indicate percent
CFSE™ tells, Data are rep of three Independent exper

had less production of granzyme B than did those from Nowch2'''E8I-
Cre, Notch2*'*E81-Cre* or Notch?*E81-Cre* mice after stimulation
with allogeneic control-DCs or DL1-DCs in vitro (Fig. 2¢). CD8'
T cells from Norch2” E81-Cre*mice also had less production of
granzyme B than did those from Nosch2'/*E8I-Cre™ or Notch2'!
*E81-Cre’* mice, which indicated haploinsufficiency of Notch2 in
terms of CTL differentiation,

To evaluate the effect of Notwch? deficiency on CTL induction
in vivo, we infected Notch2®'*E8I-Cre™ and Notch2'"E8I-Cre' mice
with the intracellular protozoan parasite Trypanosoma cruzi (Fig. 2d).
The acute phase of T cruzi infection is controlled by CTLs expressing
granzyme B and perforin®®, We monitored the survival of
Notch2*'* E81-Cre™ and Notch2"'E81-Cre' mice after T. cruzi infection
and found significantly earlier death of Notch2"E81-Cre’ mice than of
Notch2''*E81-Cre™ mice (Fig. 2d). Although the control mice even-
uially died after this infection, the mortality of Norch2"'E8I-Cre* mice
after T, cruzr infection was similar to that of wild-rype mice depleted of
CD8* T cells (Fig. 2d), which indicates that Notch2 is a chief
contributor to CD8' T cell effector function in this experimental
system. The expression of Cre itself in CD8' T cells did not have
any influence on the course of T cruzi infection (Supplementary
Fig. 2b). As the course of T. cruzi infection is affected by many factors
other than CTLs, we used an in vivo CTL assay to further
examine the importance of Notch2 in controlling CTL function
(Fig. 2e). We immunized Norch2*'"E81-Cre™, Notch2'''E8I-Cre” or
Notch2"E81-Cre* mice with OT-1 peptide-pulsed DCs, then, 4 d later,
gave the mice spleen cells labeled with the cytosolic dye CFSE
(carboxyfluorescein diacetate succinimidyl diester) at a high concen-
tration and pulsed with OT-1 peptide or gave them spleen cells labeled
with CFSE alone at a low concentration. We then compared the ratio
of CFSEM cells to CFSE™ cells at 24 h after cell transfer. Notch2'' ' ESI-
Cre~ and Notch2''*E8I-Cre” mice showed ‘preferential’ killing of
peptide-pulsed spleen cells, whereas Norch2“E8I-Cre® mice showed
little killing of either injected population (Fig. 2e), These data
collectively indicate that Notch2 transduces an important signal for
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CTL differentiation in vitro and in vivo, even if Notchl is also

expressed on CD8' T cells.

Notch2 promotes the expression of cytotoxic molecules
We next tested if Notch2 signaling directly controls the expression of
cytotoxic effector molecules. For this, we transduced the active form of
Notch2 (its intracellular domain; N2IC) into a CD8' T cell-derived
hybridoma (B3Z). B3Z cells expressed neither granzyme B nor per-
forin; however, transduction of N2IC into B3Z cells (B3Z-N2IC cells)
induced the expression of both molecules, even in the absence of TCR
stimulation (Fig. 3a,b). Sumulation of BAZ-N2IC cells with phorbol
12-myristate 13-acetate (PMA) and i cin further upregulated
granzyme B expression (Fig. 3a), whereas this stimulation did not
induce granzyme B expression in B3Z cells transduced with control
vector (B3Z-mock cells), These results suggest that Notch2 signaling
controls the expression of granzyme B mRNA and perforin mRNA.
The T-box transcription factor Eomes controls effector CD8* T cell
function®, Although activated CD8* T cells expressed Eomes, B3Z-
N2IC cells did not express Eomes (Fig. 3b). As suggested before’, trans-
duction of Eomes into CD8' T cells upregulated granzyme B expres-
sion, whereas transduction of a domi negative form of Eomes
(Eomes-DN) suppressed granzyme B expression slightly (Fig. 3c).
However, transduction of Fomes-DN into activated CD8' T cells
from OT-1 TCR-transgenic mice did not suppress DLI-mediated
upregulation of granzyme B (Fig. 3c). Furthermore, overexpression
of Eomes in B3Z cells did not induce granzyme B expression, even after
stimulation with PMA and fonomycin (Supplementary Fig. 3a
online). In addition, overexpression of Fomes in B3Z cells upregulated
1FN-7 only after stimulation with PMA and ionomycin (Supplemen-
tary Fig. 3a). The stimulation of CD8' T cells by DLI1-DCs also
enhanced IFN-y expression relative to that induced by control-DCs,
but this enhancement was inhibited by transduction with Eomes-DN
(Supplementary Fig. 3b). These findings collectively demonstrate that
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Figure 3 Notch2 signaling induces the transcription of genes encoding CTL
effector molecules independently of Eomes. (a) Granzyme B expression in
B3Z-N2IC and B3Z-mock cells with (+) or without (-) stimulation with PMA
and lonomycin (PMA + iono). GFP encoded by the bicistronic retrovirus
‘marks’ infected cells; numbers in top right quadrants indicate percent
granzyme B-positive GFP* cells. Data are representative of five independent
experiments. (b) RT-PCR analysis of the expression of Eomes or perforin
(Prfl} by B2Z-mack cells (Mock) or BIZ-N2IC cells (N2IC) or OT-I-
transgenic CDB* T cells stimulated for 24 h with SIINFEKL peptide {Act).
Data are of five P experiments. (c) Flow cytometry
of granzyme B expression by COB*GFP* cells among OT-I-transgenic CD8*
T cells stimulated with SIINFEKL-pulsed DL1-DCs or control-DCs and
transduced with vector alone (Mig), Eomes or Eomes-DN, Thin lines,
satype-matched control antibody; Thick lines, anti-granzyme B. Numbers
above bracketed lines indicate percent granzyme B-positive cells among
total CD8* cells, Data are repr of four ind jent experiments.

Notch2 controls T cell expression of granzyme B independently of
Fomes and controls IFN-7 in a way dependent on Eomes.

The proximal region of the Gzmb promoter contains several
binding elements for the DNA-binding protein RBP-], which, after
binding 1o the intracellular domain of Notch, is converted from a
transcriptional repressor to a transcriptional activator; RBP-]-binding
elements are called ‘RBEs’ (Supplementary Fig. 4 online). We used a
luciferase assay to evaluate whether Gemb promoter activity was
influenced by Notch signaling. B3Z-N2IC cells had Gzmb promoter
activity that was five- to tenfold higher than that of control B3Z-mock
cells, Deletion and substitution of RBEs showed that the region
containing the most proximal RBE was necessary for N2IC-induced
promoter activity (Fig. 4ab). We then confirmed by chromatin
immunoprecipitation direct binding of RBP-] to this proximal RBE
region in the Gzmb promoter in parent B3Z cells (Fig. 4c). To confirm
direct binding of N2IC to this RBE, we did chromatin immuno-
precipitation with anti-Myc in B3Z cells transduced with Myc-tagged
N2IC (Fig. 4d). We detected the RBE amplicon in the anti-Myc
chromatin immunoprecipitates of B3Z cells transduced with Myc-
tagged N2IC but not those of B3Z-mock cells. We next determined
whether Notch2 controls the transcription of perforin, In a promoter
assay using the 2,300-base pair region upstream of the transcription
initiation site of the gene encoding perforin, B3Z-N2IC cells had
higher activity of the perforin promoter than did control B3Z-mock
cells (Supplementary Fig. 5a online). We confirmed by chromatin
immunoprecipitation that RBP-] directly bound to an RBE 140 base
pairs upstream of the transeription initiation site of perforin (Supple-
mentary Fig. 5b). These results demonstrate that Notch2 signaling
directly regulates transcription of genes encoding the crucial CTL
effector molecules granzyme B and perforin,

We found that the region 40 base pairs downstream of the most
proximal RBE was also critical for activation of the Gzmb promoter in
B37Z-N2IC cells (Fig. 4a). This region contained a CRE site (Supple-
mentary Fig. 4), and mutation of this CRE site also decreased Gamis
promater activity (Fig. 4e). The effects of RBE and CRE mutation
were similar in magnitude, in terms of Gzmb promoter activity,
in primary CD8" T cells from B6 mice stimulated with allogeneic
BALB/c BMDCs transduced with DLI (Fig. 4f). These findings
indicate that both the RBE and CRE are required for Notch2-mediated
expression of granzyme B.

Notch2 interacts with CREB1

We next assessed whether CRE-binding proteins are involved in CTL
differentiation. CREB1 activity is regulated by protein kinase A%,
CREB! recruits the transcriptional coactivator p300  (ADD1716)
through phosphorylation of the serine residue at position 133 of
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Figure 4 Notch2 directly regulates Gzmb transcription. {a) Lucilerase
activity of B3Z-mock cells and B32-N2IC cails transtected with deletion
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to the transcription start site (‘pGL3-basic’ indicates vector only). *, P < 0.05. (b) Lucerase activity of B3Z-mock and B3Z-N2IC cells transfected with
pGL3 vector encoding regions of the Gzmb promoter with mutations at vanious RBE sites (Supplementary Fig. 4), refative to that of cells transtected with the
wild-type Gzmb promoter. *, P < 0,05, (¢) Chromatin immunoprecipitation analysis of fixed and sonicated B3Z cells immunoprecipitated with anti-RBP-1 or

control antibody (Ab); complexes were treated with p and the It

t DNA was

plitied by primers specific for the Gzmb promoter region

contaning an RBE 96 base pairs upstream of the transcription initiation site (-96 RBE), Water, no template DNA; Input, total DNA before

precipitation. (d) .

ipitation analysis of B3Z cells transduced with mock or Myc-tagged N2IC vectors, then fixed and lysed;

enzymatically sheared chromatin DNA was immunoprecipitated with anti-Myc or control mouse 1gG, followed by DNA amplitication as described in c. (e)

Luciferase activity of B3Z-mock and B3Z-N2IC cells transfected with pGL3 plasmid vectors cor

Gamb p lers (Sup y Fig. 4),

presented relative to renilla luciferase activity. CRE(TTT), CRE with three thymine substitutions. * F < 0,05, (f Luciferase activity u! CDB‘ T r:ells first
purified from BALB/c splenocytes stimulated for 3 d with B6 BMDCs, then, after purification, Immler_leﬂ with Gzmb promoter-driven luciterase constructs
(Supplementary Fig. 4) and cultured for 1 d mare, presented relative to the activity of cells transfected with pGL3 vector only, *, P < 0.05. Data are
representative of five (a-e) or four () Independent experiments (error bars, 5.d., a.b.ef).

CREB] by cAMP-activated protein kinase A®. Transduction of a
dominant negative form of CREB1 (A-CREB1), which contains a
substitution of alanine for the serine residue at position 133 and is
thus incapable of recruiting p300, impaired granzyme B expression in
both B3Z-N2IC cells and primary OT-1 CD8" T cells (Fig. 5a,b). The
effect of A-CREBI was less apparent in OT-1 T cells; this blunted effect
might be auributed to the delayed overexpression of A-CREBI,
as retrovirus-mediated transduction of A-CREBI in T cells required
preactivation of T cells, Nevertheless, these data demonstrate
that Noich2-mediated CTL differentiation requires a CREBI-
mediated signal.

To examine the molecular mechanism whereby Notch2 and CREB]
signaling integrate during CTL differentiation, we determined if N2IC
interacted with CREBI. When we transfected both CREBI and

Figure 5 CREB1 is required for Notch2-medisted granzyme B expression
through interaction of the intracellular domain of Notch2 with pCREBI
(a) Flow cytometry of granzyme B expression by B3Z-N2IC or B3Z-mock calls
mock-transfected (top row) or transtected with A-CREB1 n a bicistromic
retroviral vector encoding human NGFR, assessed in cells gated as GFP*
{N2IC) and/or positive for human NGFR (A-CREB1), Thin lines, thick lines,
anti-granzyme B, Data are representative of five independent expeniments
(b) Flow cytometry of granzyme B expression by GFP*CDE" gated cells
among OT-I-tr T cells stimulated with SIINFEKL peptide and
transduced by retrowiral vectors encoding GFP with or without A-CREB1. Thin
hm sotype-matched control anhhody thick lines, anti-granzyme B, Data

1 of five indep nt expenments. {c) Immunoblot analysis
u\‘ NZ!C and CREBI in 2937 cells transfected with Myc-tagged N2IC and/ot
CREBI, detected with anti-Myc and anti-CREB in wholecell lysates (WCL)
and aftar immunoprecipitation with anti-Myc (IP: o-Myc), Data are repre
sentative of five independent experiments. (d) Immunoblot analys:s of CREB]
and N2IC in 2937 cells transfected with hemagglutinin-tagged wild-type
CREB1 (WT) or mutant CREB1 (A) with or without Myc 1agged N2IC,
detected with anti-Myc and anti-hemagglutimin (2-HA) in whole-cell |ysates
and after immunoprecipitation with anti-Myc, Arrowhead indicates
hemagglutinin-tagged CREB1. Data are representative of three independent
expenments.
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Myc-tagged N2IC into human embryonic kidney 2937 cells, CREBI
immunoprecipitated together with anti-Myc immunoprecipitates
(Fig- 5¢). In contrast, A-CREB1 did not interact with N2IC
(Fig. 5d), which indicates that phosphorylation of CREBI is required
for the formation of a complex of CREB1 and N2IC.

Next we used gel-shift assays to examine binding of the N2I1C-
CREBI complex to the Gzmb promoter. We found a dominant
complex with a probe containing wild-type RBE and CRE sites,
hascd on the sequence of the proximal Gzmb promoter (Fig. 6a).

Ve also detected a faint band on the probe containing wild-type RBE
amd CRE sites as well as on a probe of wild-type RBE and mutant
CRE, but not on a probe of mutant RBE and wild-type CRE (Fig. 6a).
The mobility of this faint band shifted after the addition of anti-RBP-],
even in B3Z cells (data not shown), which indicated that this band
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Figure 6 Notch?2 interacts with pCREB1 and stably recruits p300 to the Gamb promater. (a—c) Gel-shift assay of nuclear extracts of B3Z-N2IC cells
incubatad with various probes (top {a.c) or bottom (b)) in the presence or absence of various antibodies {above lanes). R-C, wild-type RBE and wild-type
CRE; A-C, mutant RBE and wild-type CRE; R-T, wild-type RBE and mutant CRE. Open arrowheads, dominant CRE-dependent complex; filled arrowheads,
REBE -dependent complex. Below, intensity of bands indicated by open arrowheads, presented as arbitrary umits (AU). Cont, control. Data are representative of
five independent experiments. (d) Chromatin-immunoprecipitation analysis of fixed and sonicated B3Z-mock or B3Z-N2IC cells immunoprecipitated with

anti-CREB or control antibody; complexes were treated with protease and the resu

t DNA was amplified by primers specific for the Gzmb promaoter region

containing 8 CRE. NR [gG, control isotype antibody. Data are representative of five independent experiments

corresponded to RBP-]. To determine the composition of the domi-
nant complex, we analyzed the mobility shift or intensity of the band
by adding specific antibodies and mutant probes to the nuclear
extracts. The addition of antibody to Myc-tagged N2IC decreased
the intensity of the dominant complex on the probe containing wild-
type RBE and CRE sites to the intensity of the probe of mutant RBE
and wild-type CRE (Fig. 6a), which indicated that N2IC was one of
the components of this complex. Furthermore, the intensity of the
dominant band binding to the probe of wild-type RBE and mutant
CRE was apparently lower, even if RBP-] bound to this probe
(Fig. 6a), which indicated that CRE was essential for binding of the
dominant complex to DNA, The addition of anti-CREB1 or antibody
to CREBI phosphorylated at the serine residue at position 133
(pCREBI) decreased the intensity of the binding of the dominant
complex to that of the probe containing wild-type RBE and CRE sites
and, to a lesser extent, to that of the probe of mutant RBE and wild

type CRE (Fig. 6b). These findings indicate a requirement for Notch2
signaling for optimal binding of pCREB! to the probe containing
wild-type RBE and CRE sites and also show that pCREBI is also a
component of this dominant complex. The addition of anti-p300
attenuated binding of the dominant complex only to the probe
containing wild-type RBE and CRE sites (Fig. 6¢}, which demon-
strated that p300 is a component of the dominant complex recruited
to the Gzmb promoter only when both RBP-] or N2IC and pCREB]
bind simultaneously. As the addition of anti-Notch2 or anti-p300 did
not change the intensity of the dominant band on the probe of mutant
RBE and wild-type CRE, CRE-binding factors including CREB] might
form a complex without N21C and p300, and this complex might bind
to the probe of mutant RBE and wild-type CRE and migrate to a
location similar to that of the dominant complex in the native
polyacrylamide gel. These results collectively suggest that the domi-
nant complex identified by the probe containing wild-type RBE and
CRE sites is composed of N2IC, pCREBI and p300. Finally, we tested
by chromatin-immunoprecipitation assay whether CREBI bound
directly to the Gzmb promoter. We detected binding of CREBI to
the CRE in the Gzmb promoter in B3Z-N2IC cells but not in B3Z-
mock cells (Fig. 6d). which indicates that Notch signaling induces
CREBI to binding 1o this promater region

NATURE IMMUNOLOGY VOLLUME 9 NUMBER 10 OCTOBFR 2008

We propose a model in which in the absence of Notch signaling,
RBP-], together with corepressors, binds to RBEs and suppresses
grarzyme B transcription (Supplementary Fig. 6 online). In the
presence of Notch2 signaling, both RBEs and CREs are required for
stable binding of N2IC, pCREB1 and p300 to the Gzmb promoter
region; in fact, these three molecules formed a complex on the
promoter (Supplementary Fig. 5). Single p300 molecules can form
a complex with N2IC and pCREBI, as p300 is able to interact with
Notch or pCREBI at distinct domains’®*’, Morcover, p300 may
stabilize the DNA binding of the RBP-]-N2IC-pCREB! complex
and/or strengthen granzyme B transcription. The absence of an
RBE probably allows unphosphorylated CREB1 or other CRE-binding
factors to bind, which may induce a small amount of Gzmb promoter
activity, but the presence of RBE and Notch2 signals probably
results in exchange of the binding protein from CREBI to pCREBI,
perhaps because a pCREBI-containing complex is more stable on
the promoter.

DISCUSSION
The CD8' T cell response to infection and transformed cells requires
the recognition of antigen, massive proliferation and differentiation
into CTLs'. However. the transcriptional programs that control the
differentiation of CTLs during the immune response have not been
fully idemtified. In this report, we have shown that DL1-induced
Notch? signals activated the transcription of granzyme B independently
of Eomes. We have also identified previously unknown signaling
crosstalk in which Notch2 formed a complex with pCREBI and p300
on the Gzmb promoter; this complex was essential for optimal
granzyme B transcription, Our results indicate that Notch signaling s
required for the dvnamic integration of transcription of genes encoding
CTL effector molecules and suggest that Notch2 might allow “tailoring’
of CTL differentiation to appropriate environmental stimuli
Accumulating data have now provided considerable evidence that
the differentiation of mature CD4* T cells is controlled by Notch
signaling'#141618282%  Ope study has addressed the functions of
Notch signaling in CD8* T cells by hyperactivating Notch with DLI
(ref. 20). That study found that the ligation of Notch on splenic CD8*
T cells by purified DL1 protein results in less IFN-y, which suggests an
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inhibitory function for Notch signaling in CD8® T cell activation.
However, that study did not address whether that inhibitory effect of
DLI is recapitulated by direct interaction of DL1 and Noich on CD8*
T cells in vivo. Furthermore, purified DL] protein might not be able to
completely mimic the effect of membrane-bound DLI. Here we have
presented in vitro and in vivo evidence indicating that downregulation
of DL1 on DCs or Notch2 deficiency on CD8* T cells resulted in much
lower expression of molecular effectors necessary for effective CTL
function. Our data have provided definitive evidence that Notch2-
mediated signaling is important in promoting CTL function. Naive
CDB' T cells express Notch2, which is rapidly upregulated after
TCR-mediated signaling. The expression of DLI and DL4 in DCs is
also upregulated by Toll-like receptor signaling'?, Our data suggest
that such upregulation of Notch and Notch ligands by envi al
stimuli would be an important step in the pmmutmn of CTL activity
in situations necessitating the e ion of intracellular pathogens. In
addition, we have shown that activated CD8" T cells had high
expression of Notchl, but not of Notch3 and Notch4, which suggests
a possible contribution of Norch1 to CTL differentiation.

Eomes is a T-box transcription factor that is highly homologous to
T-bet and is expressed in activated CD8* T cells and activated natural
killer cells*®3. Overexpression and antagonism studies with domi-
nant negative proteins suggest that Eomes and T-bet might have
cooperative or redundant functions in regulating the genes encoding
IFN-7 and cytolytic molecules in CD8' T cells’. However, those
studies did not show that Fomes or T-ber directly regulates the
transcription of granzyme B or perforin by reporter assays, although
they demonstrated by ch in i precipitation assay that
Eomes does bind to Gzmb promoter regions”. We have shown here
that Notch2-mediated signaling directly activated the transcription of
genes encoding granzyme B and perforin even in the absence of Eomes
expression in B3Z cells and in the presence of a dominant negative
form of Eomes in mature T cells. Our data indicate that Notch2
signaling is able to 'prime’ the transcription of genes encoding
cytotoxic molecules in the absence of Fomes. However, the Notch2-
induced higher 1FN-y expression in CTLs was inhibited by a domi-
nant negative form of Eomes. These data suggest thar Notwch and
Eomes have both distinet and overlapping functions in exerting full
effector functions of CD§" T cells.

The precise regulatory mech for the ontogeny, function and
survival of effector and memory CD8" T cells, as well as their lineage
relationship, remain controversial’. Although we have shown that
Notch-mediated signaling directly controlled CTL effector functions,
we do not yet know whether Notch signaling is involved in aspects of
the memory cell differentiation program. Future efforts should be
aimed at determining whether Notch signaling skews naive CD8'
T cells toward CTLs instead of memory CD8* T cells or contributes
to the differentiation of both cell types.

Several papers have suggested there is crosstalk of Notch signaling
with other signaling pathways, including those induced by stimulation
with bone morphogenetic protein or transforming growth factor-§i.
Notch interacts with the intracellular bone morphogenetic protein
mediator SMAD] and the transforming growth factor-B mediator
SMAD3., SMADI interacts with the Nowh intracellular domain
to activate transcription of the genes encoding the Hes and Hey
basic helix-loop-helix factors®'~**, Whether DNA binding by SMAD1
is essential for synergy with Notch is controversial’**. Notch
signaling also acts together with the transcription factor HIF-1% to
mediate cellular responses 10 hypoxia®™. Our data have provided
evidence of a mechanism of crosstalk between the Notch and
CREBI signaling pathways. Notch2 formed a complex with pCREBI
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and p300 on the Gzmb promoter. The cooperative nature of this
complex was shown by the finding that Notch2 and pCREB] were able
1o stably bind to the Gzmb promoter only when both proteins were
present, and both the RBP-I-binding region and CRE were required
for full Gzmb transcription. Furthermore, blocking the phosphoryla-
tion of CREBI resulted in lower expression of granzyme B, which
indicates the biological importance of CREBI in CTL differentiation,

CRE- and RBP-]-binding elements are widely distributed in the
pr ter or enhancer regions of many genes. Therefore, it is possible
that the interactions noted in the Gzmb promoter region occur in
other promoter or enhancer regions and thereby amplify and broaden
the repertoire of genes influenced by each pathway. For example,
because CREB-responsive elements regulate several cytokines, includ-
ing IL-2 (ref. 36), that are required for CTL population expansion. the
interaction between Notch and CREB-responsive genes might be
involved in aspects of CTL function other than cytotoxicity. In
addition, Notch signaling is crucial for a variety of cell proliferation,
tumorigenesis or cell fate "decisions’ 2%, and such events may also
require cooperation with the CREB pathway*®%. Given the diverse
functions of Notch in vertebrate and invertebrate embryogenesis. our
data provide a basis for investigating a general function for CRER in
Notch-directed cellular programs. Our findings may also advocate the
manipulation of CREB p y components as 4 means of modulat-
ing or redirecting Notch-mediated cellular processes. Finally, our
results indicate that the manipulation of Notch signaling might have
4 considerable effect in clinical settings in which more CTL function is
desirable (such as in tumor immunotherapy) or less CTL function is
desirable (such as in autoimmune discases).

METHODS
Mice and cell culture. Female 86 and BALR/c mice 6-8 weeks of age were from
Japan SLC. Notch2®! mice have been described?!. For the generanon of E8)-
Cre-transgenic mice, the 1.6-kilobase core of E8l enhancer fragment was
inserted in front of the Cdfa promoter, and cDNA encoding Cre and an
internal ribosomal entry site-GFP-poly(A) cassette were inserted after the
CidBa promoter 1o generate the E8L-Cre transgene (LT, data not shown). The
transgene was expressed in CDBa'CDSAY afiT cells and CDBxx' CDRR af)
T cells but not in CO4'CD8x COBF afT cells (data not shown), OT-|
TCR-transgentic mice were from Immuno-Biological Laboratories. All animal
work was approved by the Animal Research Committee of The Univensity of
Tokushima. [DCs were g d from mouse bone marrow, Bane marrow cells
were treated with anti-CDM (GKLS 14-0041), anti-CD8 (53-67; 14-0081),
anti-B120 (RAS-6B2; 14.0452) and anti-CD1tb (MI70; 140012 sll from
eBiosciences), followed by mag depl of labeled cells with anp-rat
Jobulin G (1gG) Dynabeads (1 gen). Isolated cells were cultured
for 7 d in the presence of g cyte-macrophage colony g factor
and 1L-4. In some zxpmmcnu. bone marrow cells were infected three nmes
tdays 0, | and 2) with retrovirus, At 5 d after the final retrovirus infection, cells
were stimulated overnight with anti-CDM0 (5 pg/mk 3/23; 553787; BD
Biosciences) and LPS (5 pg/ml). After the stimulation, samples were enriched
for CIMIc* cells by magnetic separation with CDIlc microbeads (MACS;
Miltenryi Biotec), In some experiments, GFP' and CD11e" cells were purified
with a cell sorter (JSAN; Bay Bioscience), The DCEK fibroblast cell line was
infected with the DLI-pKEOO4-human nerve growth factor receptor (NGFR)
bicistronic retrovirus. Cells expressing human NGFR were identified by staining
with biotm-conjugated antibody to human NGFR and were enriched with
streptavidin-conjugated MACS beads. DL1-transduced DCEK cells were further
infected wath retrovirus containing DI -specific ShRNA or control shRNA m
the vector pFB-SIN, B3Z cells were infected with retrovirus encoding N21C,
Eomes or Eomes-DN and were cultured in RPMI 1640 medium supplemented
with 100 (volfvol) FCS, For depletion of CD4* T cells, splenocytes were labeled
with anti-CIM, followed by magnetic depletion of labeled cells with anti-rat
1gG Dynabeads (Invitrogen ). Samples were enriched for CD8* cells by magnetic
separation with CDE micrabeads (MACS; Miltenyi Biotec). For transduction of
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genes into OT-1 T cells, retroviruses were added | d after stimulation. Cells were
fixed with paraformaldehyde and were stained with anti-granzyme B or anti-
IFN-7 in buffer ining sa After washing, exy of granzyme B
of IFN-y was evaluated by flow oy ¥.

PCR. Total RNA was extracted with TRizol (Invitrogen). After reverse tran.
ption with the O pt RT Kit (Qiagen), SYBR Premix Ex Tag 11 ( Takara
Bio) and primer sets (Supplementary Table | online) were used for quanti-
me(‘R.MluhummmnhudeupdhmﬂNa lencoding glyceraldehyde
hate  dehyd ) and are d as ‘fold increase’ relative to
Hw:hz rxwmn in naive CDS* T cells Pyrobest polymerase (Takara) and
primer sets (Supplementary Table 1) were used for conventional PCR.

The distnibuted data from interval scales were analyzed
with Student’s r-tést; a P value of less than 0.05 was considered statistically
significant, IMP7 software (SAS institute) was used for the log rank test.
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